Abstract. The chemokine receptor CXCR4 is associated with the biological behavior of cancer, but few studies have addressed the expression and function of CXCR4 in human gastric cancer and its impact on disease prognosis. We studied the expression of CXCR4 using RT-PCR, Western blotting, flow cytometry, and confocal microscopy in five gastric cancer cell lines. We also examined cell proliferation, migration, and anti-apoptotic activity in response to stromal cell-derived factor (SDF)-1· and evaluated SDF-1·/CXCR4 signaling pathways. Furthermore, we investigated the correlation between CXCR4 expression and the clinical features of 221 gastric cancer tissue samples. CXCR4 transcripts and proteins were detectable in all five gastric cancer cell lines. However, MKN-28, MKN-45, MKN-74, and SNU16 cells did not express membrane CXCR4. In contrast, KATO III cells expressed membrane CXCR4. In these cells, SDF-1·-induced migration was observed and was blocked by AMD3100, a specific inhibitor of CXCR4. SDF-1· induced rapid phosphorylation of Erk1/2 MAPK but did not promote phosphorylation of Stat3 or Akt. Gastric cancer tissue samples expressed CXCR4 with variable intensities. Strong CXCR4 expression was significantly associated with lymph node metastases (P=0.028) and higher stages III/IV (P=0.047), and further tended to be correlated with a reduced 5-year survival rate (42.6% vs. 53.9%; P=0.1). In conclusion, CXCR4 expression is associated with gastric cancer cell migration in vitro, and strong expression of CXCR4 by gastric cancer cells is significantly associated with lymphatic metastasis in patients with gastric cancer, suggesting that CXCR4 plays an important role during gastric cancer progression.
Introduction
Chemokines are a superfamily of small structurally related chemoattractant cytokines that are essential for lymphocyte trafficking and maintenance of immune function (1, 2) . Chemokines also affect angiogenesis, collagen production, B-cell lymphopoiesis, and bone marrow myelopoiesis (3, 4) . The interaction of these chemokines with their specific seven-transmembrane G-protein-coupled receptors mediates their biological effects. Based on the position of the first two conserved cysteines, the chemokines are classified into four subfamilies, CXC, CC, C, and CX3C. More than 40 chemokines and 18 chemokine receptors have been identified in humans (2, 5) .
Recent data indicate that certain chemokines and their receptors, in particular stromal cell-derived factor (SDF)-1· and CXC chemokine receptor 4 (CXCR4), play a critical role in the behavior of cancer cells and modulate cell migration, proliferation, and survival. SDF-1· and its unique receptor CXCR4 are expressed in various epithelial cancer cells and are associated with tumor biology (5-7). For example, Muller et al showed that the chemokine receptor CXCR4 was highly expressed in human breast cancer cells and that activation of breast cancer cells with SDF-1· induced chemotaxis and tissue invasion in vitro (8) . In addition, they showed that neutralizing the interaction of SDF-1· and CXCR4 significantly impaired metastasis of breast cancer cells to regional lymph nodes and lung in vivo, suggesting that chemokines and their receptors have a critical role in determining the metastatic destination of tumor cells (8) . CXCR4 has also been implicated in the progression of pancreatic cancer, small cell lung cancer, glioblastoma, and bladder cancer (4, (9) (10) (11) .
Nevertheless, few studies have addressed the expression and function of CXCR4 in human gastric cancer, and the impact of CXCR4 on disease progression and prognosis is unknown. Therefore, we investigated the expression and function of CXCR4 in gastric cancer cell lines and attempted to clarify the clinical implications of CXCR4 expression in gastric cancer.
Materials and methods
Cell culture. Five human gastric cancer cell lines and RPMI-8226 myeloma cells were used in this study. MKN-28, MKN-45, MKN-74, KATO III, and SNU-16 were obtained from the Korean Cell Line Bank (Seoul, Korea). RPMI-8226 cells were purchased from the American Type Culture Collection (Manassas, VA). The cells were cultured in RPMI-1640 (Gibco BRL Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; Gibco BRL Life Technologies), 100 U/ml penicillin G, 100 μg/ml streptomycin (Sigma Chemical Co., St. Louis, MO) and 1 mmol/l Lglutamine (Gibco BRL Life Technologies) at 37˚C and 5% CO 2 .
Cytokine and reagent. SDF-1· (purchased from R&D Systems, Inc., Minneapolis, MN) and AMD3100 (Sigma Chemical Co.) were used.
RNA isolation and semiquantitative reverse transcription-PCR. Total RNA was prepared from the cells with TRIzol reagent (Gibco BRL Life Technologies) according to the manufacturer's instructions. After purification, 1 μg of RNA was reverse-transcribed with SuperScript reverse transcriptase (Gibco BRL Life Technologies) and the universal primer oligo dT15 (Promega, Madison, WI). One microliter of the cDNA was used as a template for the specific PCR reactions. The following primers were used: human CXCR4 (sense, AAT CTT CCT GCC CAC CAT CTA CTC C; antisense, GCG GTC ACA GAT ATA TCT GTC ATC TGC C); GAPDH (sense, GAG TCA ACG GAT TTG GTC GTA; antisense, AGT TGT CAT GGA TGA CCT TGG). For amplification, a GeneAmp PCR system (Perkin-Elmer, Norwalk, CT) thermocycler was used. Cycling conditions of the respective PCRs were as follows: denaturation (1 min at 94˚C) followed by the respective number of cycles (1 min; GAPDH, 28 at 60˚C; CXCR4, 35 at 62˚C) of annealing and elongation (1 min at 72˚C). After the last cycle, a final extension (10 min at 72˚C) was added, and thereafter the samples were kept at 4˚C. Fifteen microliters of the products were run on a 1.8% agarose gel, stained by ethidium bromide, and visualized under UV light. RPMI-8226 cells were used as a positive control for CXCR4.
Western blot analysis. Western blotting was used to detect CXCR4 protein and the phosphorylation of signaling molecules. The cells were collected by centrifugation, washed in phosphate-buffered saline (PBS), and lysed by the addition of SDS sample buffer [62.5 mM Tris-HCl (pH 6.8), 6% (w/v) SDS, 30% glycerol, 125 mM DTT, and 0.03% (w/v) bromophenol blue]. The whole cell samples were sonicated, lysed, and denatured by boiling for 5 min. Equal amounts of protein from each sample were electrophoresed on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. The membranes were blocked for 1 h with Tris-buffered saline (TBS) containing 5% (w/v) milk and 0.1% Tween, and then incubated with the primary antibody overnight at 4˚C. The blots were washed with TBS containing Tween, incubated with the appropriate secondary antibody (Cell Signaling Technology, Inc., Boston, MA) for 2 h, and developed using West-Zol Plus (iNtRON Biotechnology, Seoul, Korea). For phosphorylation studies, the cells were starved in serum-free medium for 12 h and then stimulated with cytokines. The following antibodies were used: anti-CXCR4 monoclonal antibody (12G5; R&D Systems, Inc.), anti-phospho-AKT polyclonal antibody (S473), anti-AKT polyclonal antibody, anti-phospho-ERK polyclonal antibody (T202, Y204), anti-ERK polyclonal antibody, anti-phosphoStat3 polyclonal antibody (T705), anti-Stat3 polyclonal antibody (all purchased from Cell Signaling Technology, Inc.).
Flow cytometry. Cells were incubated with phycoerythrin (PE)-conjugated monoclonal antibodies at 4˚C for 30 min and were analyzed using a Coulter Elite flow cytometer (Coulter Electronics Ltd., Hialeah, FL). The monoclonal antibodies used in the study were PE-conjugated anti-CXCR4 (12G5; R&D Systems, Inc.). To detect cytoplasmic CXCR4, the cells were permeabilized with saponin-based reagents (BD Pharmingen, San Diego, CA) before labeling. Isotype mouse IgG1 (Becton-Dickinson, Franklin Lakes, NJ) was used as a control. Serum deprivation-induced cell apoptosis was detected by staining cells with fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium iodide (PI; BD Pharmingen) according to the manufacturer's instructions and were subsequently analyzed by flow cytometry.
Laser confocal microscopy. Cells were washed three times with cold PBS and fixed in 3.7% formaldehyde for 30 min. Cells mounted on glass slides were permeabilized with 2 ml of PBS containing 0.1% Triton X-100 and 0.1 M glycine at room temperature. After 15-min incubation, the cells were washed three times with 1X PBS and blocked with 3% bovine serum albumin (BSA) in PBS for 10 min at room temperature. Cells were incubated with primary anti-CXCR4 antibody for 1 h at 37˚C, washed three times with 1X PBS, and incubated for 1 h at 37˚C with FITC-conjugated anti-mouse and rhodamine-conjugated anti-rabbit secondary antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). The cells were then mounted on glass slides and observed under a laser-scanning confocal microscope (Olympus Corp., Tokyo, Japan).
Proliferation assay. MKN-28, MKN-45, MKN-74, KATO III, and SNU-16 cells (5x10 4 cells per well) were plated in a 96-well plate for the indicated times in 100 μl RPMI-1640 with 10% FBS or without serum. The cells were then stimulated with 100 ng/ml SDF-1· for the indicated periods of time or were left untreated. To determine cell viability, we used the Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., Gaithersburg, MD) according to the manufacturer's instructions.
Cell migration assay. Migration of each cell type used in the experiments was assessed in 24-well chemotaxis chambers. Briefly, cells (2.5x10 5 cells/well resuspended in serum-free RPMI-1640 media) were loaded into the upper chamber of a Transwell ® plate containing a 4-μm microporous membrane (Corning Inc., Corning, NY) and were allowed to migrate into the lower chamber, which contained different concentrations of SDF-1· or media alone (resuspended in serum-free RPMI-1640 media) for 4 h. The migrated cells were counted under light microscopy and expressed as the numbers of cells migrated per high-power field (HPF).
Tissue samples. Gastric cancer tissue samples were obtained from 221 consecutive patients undergoing elective surgery for gastric cancer at the Chungnam National University Hospital between 2000 and 2003. The patients had histologically confirmed adenocarcinomas of the stomach. All patients signed informed consent for therapy as well as for subsequent tissue studies, which had received prior approval by the institutional review board. The patients underwent R0 resection with at least D1 lymph node dissection. The clinocopathological features were assessed by the general rules of the Japanese Gastric Cancer Association (12) .
Immunohistochemical staining of CXCR4 in gastric cancer tissues. Immunohistochemical staining was performed using the EnVision-HRP detection system (DakoCytomation, Inc., Carpinteria, CA) and anti-CXCR4 antibodies (MAB172; R&D Systems, Inc.) according to the manufacturer's protocols.
Sections (3 μm) were cut from gastric cancer tissue microarray blocks, mounted on slides treated with APES (Sigma Chemical Co.), and dried for 1-2 h at 56˚C before staining. Briefly, the sections were deparaffinized in xylene and rehydrated in graded alcohol. After antigen retrieval by heating in a pressure cooker in 1 mM ethylenediaminetetraacetic acid (EDTA; pH 8.0) at full power for 4 min, tissue sections were treated with 3% hydrogen peroxide for 10 min to block endogenous peroxidases. The sections were then incubated overnight in a humid chamber at 4˚C with anti-CXCR4 antibody (1:200) diluted with background reducing diluent (S3022; DakoCytomation, Inc.). Slides were then incubated with Envision reagent for 30 min followed by 3,3'-diaminobenzidine (DAB) chromogen for 5 min, counterstained with Mayer's hematoxylin, and mounted. Exclusion of the primary antibody during immunostaining was used as a negative control, while spleen sections served as a positive control. Positive immunostaining was evaluated by two independent authors (S. Li and G.S. Song) who were blinded to patient outcomes and clinicopathological findings. The immunohistochemical staining was categorized according to a scoring method; tumors were classified into four grades based on the staining intensity (score 0, no staining intensity; score 1, weak staining intensity; score 2, intermediate staining intensity; score 3, strong staining intensity). In the case of heterogeneous staining within the samples, the respective higher score was chosen if >50% of the cells showed higher staining intensity. The relative expression of CXCR4 was indicated by its staining intensity (i.e., strong staining indictated high CXCR4 expression and others indicated low CXCR4 expression).
Statistical analysis. The association of CXCR4 expression with clinicopathologic features was assessed using ¯2 test and paired Student's t-test. Survival rates were visualized by applying Kaplan-Meier curves, and P-values were determined by the log-rank test, with P<0.05 considered significant. All statistical analyses were conducted using SPSS 13.0 (SPSS Inc., Chicago, IL).
Results

CXCR4 expression in gastric cancer cell lines. We examined the expression of CXCR4 in five gastric cancer cell lines (MKN-28, MKN-45, MKN-74, KATO III, and SNU-16). CXCR4 transcripts and proteins were detectable by RT-PCR
and Western blot analysis, respectively, in all five cell lines ( Fig. 1A and B) . After identifying CXCR4 transcripts and proteins, we analyzed the membrane expression of CXCR4 in the cell lines using flow cytometry and confocal microscopy. MKN-28, MKN-45, MKN-74, and SNU-16 cells did not express membrane CXCR4, but had abundant CXCR4 in their cytoplasm (Fig. 1C) . In contrast, a small population of KATO III cells (4.0±0.3%) expressed membrane CXCR4 ( Fig. 1D and E) . These findings suggest that membrane expression of CXCR4 is not always correlated with CXCR4 transcripts and/or proteins in gastric cancer cells.
Functional role of CXCR4 in gastric cancer cells.
We first examined SDF-1·-induced migration, proliferation, and survival in CXCR4-containing cells. As expected, MKN-28, MKN-45, MKN-74, and SNU-16 cells, which did not express membrane CXCR4, showed no biological response upon challenge with SDF-1· (Figs. 2 and 3A) . KATO III cells, which expressed membrane CXCR4 on their cell surface, did not show proliferation or anti-apoptotic activity in response to SDF-1· treatment; however, the cells migrated toward a SDF-1· gradient (Figs. 2 and 3A) . Furthermore, SDF-1·-induced migration of KATO III cells was dose-dependent, and was blocked by AMD3100, a small molecule that specifically inhibits the CXCR4 receptor (Fig. 3B) . These data suggest the presence of functional membrane CXCR4 in KATO III cells, which could play a role in cancer cell migration.
SDF-1·/CXCR4 stimulates mitogen-activated protein kinases (MAPK) in KATO III cells. Because membrane CXCR4 in KATO III cells was shown to transduce migratory responses,
we analyzed the signaling pathways activated by CXCR4 in response to SDF-1· treatment. To determine the effects of SDF-1· on MAPK pathway activation, KATO III cells were treated with SDF-1· and the phosphorylated forms of Erk1/2 MAPK were measured; phosphorylation of T202 and Y204 residues of Erk MAPK are closely related to the kinase activity of the protein. The phosphorylated forms of MAPK increased after treatment with SDF-1· in KATO III cells (Fig. 3C ). In addition, increased phosphorylation of MAPK was blocked by AMD3100 (Fig. 3D) . To determine whether SDF-1· activates the Stat3 and Akt signaling pathways in KATO III cells, we measured the levels of phosphorylated Stat3 and Akt after SDF-1· treatment. SDF-1· did not increase phosphorylation of Stat3 at Y705 or Akt at S473 (Fig. 3C) .
Correlation between CXCR4 expression in gastric cancer tissues and clinicopathological factors. Immunohistochemical staining of gastric cancer tissue sections revealed predominantly cytoplasmic CXCR4. Some membrane localized CXCR4 also was found. However, nuclear staining of CXCR4 was not observed. The respective expression rate for CXCR4 varied (no, 3.2%; weak, 14.5%; intermediate, 33.5%; strong intensity, 48.9%; Fig. 4A-D ). There were no significant 5 cells were then incubated in medium without serum in the upper chamber of a 24-well Transwell. The lower chamber was treated with the indicated concentrations of SDF-1· for 4 h. Migration was blocked by incubation with 10 -3 M AMD3100, a specific inhibitor of CXCR4 (last lane). Columns, mean of three independent experiments in triplicate wells; bars, SE. C, SDF-1· phosphorylates MAPK, but not Stat3 and Akt, in KATO III cells expressing membrane CXCR4. KATO III cells were cultured to 50% confluence. After serum starvation, the cells were stimulated with SDF-1· (100 ng/ml) for the indicated times. Total cell lysates were prepared and analyzed by Western blotting with the indicated antibodies. D, Phosphorylation of MAPK by SDF-1· was blocked by AMD3100, a specific inhibitor of CXCR4. KATO III cells were preincubated with or without 10 -3 M AMD3100, and were then treated with or without 100 ng/ml SDF-1· for 5 min. Whole lysates were separated by SDS-PAGE, and phosphorylated MAPK was detected with anti-phospho-MAPK antibody. Data are representative of at least three independent experiments. differences in age, gender, histology, tumor location, lymphatic invasion, venous invasion, or proportion of tumor size >5 cm between high CXCR4 expression and low CXCR4 expression groups. However, high CXCR4 expression tended to be associated with invasion depth of the tumor (T status; P=0.057). Furthermore, high CXCR4 expression was significantly correlated with lymph node involvement (N status; P=0.028) and higher stage III/IV (P=0.047; Table I ). Patients with high CXCR4 expression showed a reduced 5-year survival rate of 42.6% compared to 53.9% in patients with low CXCR4 expression, as depicted in the survival curve (log-rank test, P=0.1; Fig. 4E ).
Discussion
Increasing evidence suggests that epithelial tumor cells exploit several mechanisms including chemokine systems that normally regulate leukocyte trafficking and homing. The distinct pattern of chemokine receptor expression by tumor cells has a critical role in tumor biology. In particular, expression of CXCR4 is associated with more aggressive behaviors of various tumor cells in vivo and in vitro (5, 6, 13) . Regarding gastric cancer, however, the significance of CXCR4 has not been well-defined. Therefore, we investigated the expression and function of CXCR4 in gastric cancer cell lines in vitro, and attempted to correlate clinicopathological factors of gastric cancer with CXCR4 expression.
We found that MKN-28, MKN-45, MKN-74, and SNU16 cells contained CXCR4 transcripts and cytosolic CXCR4 protein, but did not express membrane CXCR4. However, membrane CXCR4 was identified in a small population of KATO III cells. The discrepancy between the presence of CXCR4 transcripts and proteins and the lack of membrane CXCR4 may occur for several reasons: instability of membrane CXCR4 expression has been noted in other cells, such as neuroblastoma cells (11); autocrine secretion of SDF-1· may result in endocytosis and ubiquitin-mediated degradation of CXCR4 (14) (15) (16) ; and CXCR4 may be retained in the endoplasmic reticulum and fail to reach the cell surface (17) .
CXCR4 may play an important role in the spread and progression of sarcomas, neuroblastomas, and melanomas, and cancers of the breast, ovary, bladder and cervix (5, 6) . In this study, in vitro migration was SDF-1·-dependent in KATO III cells expressing membrane CXCR4. Moreover, the migration was inhibited by AMD3100, suggesting involvement of CXCR4 in SDF-1·-dependent migration. MKN-28, MKN-45, MKN-74, and SNU-16 cells, which did not express membrane CXCR4, did not show significant SDF-1·-induced migration in vitro. These observations suggest that membrane CXCR4 expression in cancer cells may affect biological behaviors such as tumor cell invasion and metastasis.
Several signaling molecules associated with the activation of CXCR4 by SDF-1· have been identified and include Stat3, Akt/PKB, Erk1/2 MAPK, PI3K, and NF-κB (18) (19) (20) (21) (22) (23) . We found that SDF-1· treatment of KATO III cells promoted rapid phosphorylation of MAPK. When pretreated with AMD3100, SDF-1·-induced phosphorylation of MAPK was blocked. These findings suggest that SDF-1·-induced MAPK activation is downstream of CXCR4 and are consistent with the observation that AMD3100 prevented SDF-1·-stimulated migration of KATO III cells. However, SDF-1· did not induce tyrosine phosphorylation of Stat3 and Akt in KATO III cells, suggesting that SDF-1·/CXCR4 signaling is cell type-specific.
Finally, we attempted to investigate and clarify the clinical implications of CXCR4 expression in gastric cancers. Currently, the clinical significance of CXCR4 expression in gastric cancer has not been well-defined and is controversial. Kwak et al investigated CXCR4 expression in gastric cancer by immunohistochemistry and found no significant clinical implications of CXCR4 expression in gastric cancer (24) . However, they analyzed clinicopathological features primarily in CXCR-4-positive gastric cancers and showed very large differences between the expression levels of CXCR4 mRNA Table I . Clinicopathological features of patients with gastric carcinoma according to CXCR4 expression. ----------------------------------------------- 
------------------------------------------------
and protein. In contrast, other studies reported that CXCR4 expression in gastric cancers was correlated significantly with the development of peritoneal carcinomatosis in vivo and in vitro, suggesting that the CXCR4/SDF-1· axis plays an important role in the development of peritoneal carcinomatosis and may be a potential therapeutic target (25) (26) (27) (28) . Zieker et al also revealed increased expression of CXCR4/SDF-1· in primary gastric cancer tissue from patients with peritoneal carcinomatosis using gene expression profiling (29) . In addition, Ishigami et al reported that SDF-1· positivity was an independent prognostic factor for aggressive behavior in gastric cancer (30) . Although they did not examine CXCR4 expression, the results of their study are in line with the view that SDF-1·/CXCR4 signaling may be a significant component of gastric cancer pathology.
In the present study, we investigated potential correlations between CXCR4 expression and the clinicopathological features in a large series of human gastric cancer tissues. High CXCR4 expression was significantly associated with lymph node metastases and higher stages III and IV. Furthermore, a trend for deep tumor invasion and shorter 5-year survival was observed in patients with high CXCR4 expression. Thus, our results imply substantial effects of CXCR4 on the lymphatic dissemination of gastric cancer in vivo.
In conclusion, expression of functional CXCR4 by gastric cancer cells is associated with cancer cell migration in vitro, and high CXCR4 expression by gastric cancer tissues is significantly associated with lymph node metastases in patients with gastric cancer, suggesting that CXCR4 plays an important role during gastric cancer progression. Further investigations are needed to determine if CXCR4 could be a therapeutic target for gastric cancer.
